Internal transcribed spacer region ITS Ophiostomatales
Introduction
Both Raffaelea and Ambrosiella species colonize the natal galleries of ambrosia beetles in tree sapwood, and they maintain close associations with these insects (Batra 1967) . Although most Raffaelea spp. live as saprophytes, colonizing dead and dying wood, some species such as Raffaelea lauricola, Raffaelea quercivora, and Raffaelea quercus-mongolicae are serious pathogens that can cause significant damage to forests and fruit crops (Kim et al. 2009; Kubono & Ito 2002; Ploetz et al. 2013) . The causal agent of laurel wilt, R. lauricola, is highly virulent and able to cause systemic wilt from a single inoculation. It threatens native Lauraceae in the southeastern United States and avocado production in Florida (Ploetz et al. 2011 , Ploetz et al. 2013 . Thus, the discovery of new taxa and the dispersal of known taxa to new areas may represent important threats to forests and agriculture. Clarification of the taxonomy of Raffaelea, and related genera, would clearly aid researchers and diagnosticians who deal with these important challenges. Additionally, clear taxonomy and a strong phylogeny of the genus would allow for an examination of the evolutionary biology of the ambrosial symbioses.
The genus Raffaelea was established by Arx & Hennebert (1965) to accommodate Raffaelea ambrosiae, a symbiont of Platypus ambrosia beetles; it currently includes up to 20 described species (Harrington et al. 2010; De Beer et al. 2013b) . Raffaelea has traditionally been distinguished from Ambrosiella by the sympodial proliferation of the conidiogenous cells in Raffaelea and percurrent proliferation of the conidiogenous cells in Ambrosiella (Batra 1967; Harrington et al. 2008) . This distinction is difficult to discern microscopically, and its utility to distinguish the two genera has been questioned Harrington et al. 2008) . Molecular phylogenetic approaches have been used to clarify the taxonomic relationships of most groups of fungi, including the Ophiostomatales (Duong et al. 2012; Farrell et al. 2001; James et al. 2006; Slippers et al. 2013; Wingfield et al. 2013) . Ribosomal DNA sequence data have confirmed that the two genera are not closely related, as Raffaelea resides in the Ophiostomatales and Ambrosiella in the Microascales (Cassar & Blackwell 1996; Jones & Blackwell 1998; De Beer et al. 2013a) .
The relationships between Raffaelea and related genera and their placement within the Ophiostomatales have not been fully resolved. The genus name Dryadomyces was introduced by to accommodate Dryadomyces amasae (¼Raffaelea amasae). It fell in the Raffaelea clade in their phylogenetic analyses of the rDNA small ribosomal subunit (SSU) sequences, but based on conidiogenesis, it differed from Raffaelea. Harrington et al. (2008) reduced Dryadomyces to synonymy with Raffaelea, supporting the view that all ambrosia beetle symbionts with similarities to Ophiostoma should be included in Raffaelea. Massoumi Alamouti et al. (2009) conducted a multigene phylogenetic analysis of a limited sampling of ambrosia fungi. They showed that D. amasae grouped in a monophyletic lineage distinct from the lineage containing R. ambrosiae, the type species for Raffaelea. However, Harrington et al. (2010) revised Raffaelea and maintained the synonymy of Dryadomyces with Raffaelea. In a taxonomic review of the Ophiostomatales, contextualized the phylogenetic placement of Raffaelea spp. alongside all other accepted genera within the order based on available rDNA large ribosomal subunit (LSU) data, confirming the polyphyly of the genus as suggested by Massoumi Alamouti et al. (2009) . They defined Raffaelea sensu stricto, as well as two distinct clades. In one clade, R. lauricola, Raffaelea brunnea, and an undescribed species from Canada were included in Ophiostoma sensu lato, but the definition of what should be included in Ophiostoma was vague. The second clade included R. quercivora, Raffaelea montetyi, Raffaelea sulphurea, and R. amasae in Leptographium sensu lato . These authors concluded that additional data would be required to fully resolve the generic status of these two unrelated clades accommodating diverse species of Raffaelea.
The objectives of this study were to conduct multigene phylogenetic analyses of Raffaelea spp. and to test the monophyly of the genus as it is currently defined. An additional objective was to assess the affinity of a collection of isolates that have yet to be identified.
Materials and methods

Taxon sampling
Data from previous studies were assessed and the LSU, SSU, and b-tubulin (BT) loci were selected for the present study because they have been useful for constructing phylogenies for these fungi and are available in GenBank (Massoumi Alamouti et al. 2009; Harrington et al. 2010; . In all, 77 isolates were analysed, including nine in the Microascales and 55 in the Ophiostomatales (18 species of Ophiostoma, three of Ceratocystiopsis, 11 of Grosmannia, one of Esteya, two of Fragosphaeria, and all 20 species of Raffaelea that were defined by Harrington et al. (2010) ) ( Table 1) . Unidentified isolates and outgroup taxa comprised the remaining isolates. Sequences were either acquired from GenBank or obtained by sequencing (Table 1) .
DNA extraction, PCR amplification, and sequencing
Polymerase chain reactions were performed using DNA that was extracted from cultures (Justesen et al. 2002; Duong et al. 2012) using PCR primer pairs NL1/LR3, NS1/NS4, and Bt2a/ Bt2b for the LSU, SSU, and BT loci, respectively (Glass & Donaldson 1995; O'Donnell 1993; Vilgalys & Hester 1990; White et al. 1990) . Sanger sequencing was performed using the same primers at the University of Florida Interdisciplinary Center for Biotechnology Research, and consensus sequences were constructed using both the forward and reverse sequence reads using Geneious Pro 5.6.6 (Biomatters, Auckland, New Zealand). After many attempts, rDNA internal transcribed spacer region ITS1-5.8s-ITS2 (ITS) PCR amplicons were generated for several Raffaelea spp. isolates using FastStart Taq with the GC-RICH solution (Roche Applied Science, Basel, Switzerland) and primers ITS1F/ITS4 (Gardes & Bruns 1993; White et al. 1990) . Sanger sequencing of ITS amplicons was performed at the Forestry and Agricultural Biotechnology Institute (FABI), University of Pretoria, Pretoria, South Africa, and aligned as above.
Phylogenetic analyses
DNA sequences were aligned with sequences retrieved from GenBank (Table 1) using the Geneious alignment default settings in Geneious Pro 5.6.6, manually adjusted, and then trimmed. The introns in the BT loci could not be unambiguously aligned and were removed from the dataset. The presence or absence of the BT introns was also coded, but gave maximum parsimony (MP) results similar to the non-introncoded dataset and was not used in subsequent analyses. Congruence among the three datasets was first evaluated using the partition-homogeneity test (PHT) in PAUP* 4.0a129, with a heuristic search, tree-bisection-reconnection (TBR) branch swapping algorithm and Maxtree set to auto increase, and again using Maxtree ¼ 500 with both TBR and nearestneighbor interchange (NNI) branch swapping algorithms (Swofford 2003) . Congruence among gene trees was evaluated by conducting a maximum likelihood (ML) analysis on each gene (Fig S2eS4) , and then comparing the results visually. The ML analyses were conducted at the University of Florida High Performance Computing Center (HPC) using RAxML version 7.3.5 using the GTRGAMMAI model, as determined by JModelTest, with 100 distinct starting trees and 1000 bootstrap analyses (BS) (Posada 2008; Stamatakis 2006) . Gene sequences (LSU, SSU, BT) missing from isolates were treated as missing data then concatenated to form the combined dataset with 1849 characters total. The combined dataset was analysed using ML, as described above, with each gene in a separate partition. The MP analysis was conducted using PAUP* 4.0a129 with gaps treated as missing data, a heuristic search with ten random stepwise addition replicates, and TBR (Swofford 2003) . Branches with zero branch lengths were collapsed, and support was assessed by BS analysis using 1000 MP heuristic searches using TBR. The Bayesian Inference (BI) analysis was conducted at the HPC using MrBayes 3.2.1 using the GTRþIþG model with all parameters unlinked (adapted from JModelTest), each gene in a separate character set, and 5 million generations that were sampled every 1000 generations (Ronquist et al. 2012) . The first 5000 trees were discarded as burn-in, as determined using Tracer 1.4, and the remaining 15 002 trees were used to calculate the posterior probabilities (PP) and construct the majority-rule consensus tree using MrBayes (Rambaut & Drummond 2007) .
To test for monophyly of Raffaelea, Bayes factors (BF) were calculated by first conducting a BI analysis, as described above, with the addition of a constraint that the Raffaelea taxa form a single clade. BFs were then calculated using the harmonic mean from MrBayes and the BF from Tracer ( 
2012
). Expected likelihood weight (ELW) and ShimodairaHasegawa (SH) tests were conducted in RAxML, as described above, with the addition of a monophyletic Raffaelea constraint tree (Stamatakis 2006 ).
An additional ML analysis was performed to determine the placement of undescribed isolates. To do this, sequences from seven isolates were included in the concatenated dataset: five (S21, S22, S28, S31, S32) from nutmeg, Myristica fragrans, with wilt symptoms in Grenada, one (PL1001, strain UCR 1073 GenBank Accession JF327799 from Eskalen & McDonald (2011) from avocado with wilt symptoms in California), and one (PL1635) associated with a pine-specific ambrosia beetle in Thailand. Only SSU sequences were available for the five isolates from Grenada, whereas SSU, LSU, and BT sequences were available for the remaining undescribed isolates. DNA sequence alignments and phylogenetic trees were deposited in TreeBase (http://purl.org/phylo/treebase/phylows/study/ TB2:S15908).
Results
After running for 2 h, the first PHT, with Maxtree set to auto increase, was still on replicate 1a and had 500 532, and increasing, trees remaining to swap and was aborted. The inability of the PHT to reach completion was not surprising because the MP analysis of the LSU dataset resulted in 20 700 equally parsimonious trees (Fig S5) . The next PHT analyses using Maxtree ¼ 500, yielded P values of 0.01 and 0.073 (TBR with 100 replicates, and NNI with 1000 replicates, respectively). Results from the PHT indicate the genes might be incongruent but are questionable because of the limited search strategies that were employed so the analysis could be completed effectively. For these reasons and other shortcomings of the PHT, as noted by Hipp et al. (2004) and references therein, we believe the PHT results do not provide sufficient evidence not to combine the datasets. The ML analyses of the individual genes showed weak support for both deeper nodes and terminal branches but the general topologies were similar (Fig S2eS4) . The most notable differences were the placements of Ceratocystiopsis and Fragosphaeria, which probably contributed to the incongruent PHT. However, following similar conclusions by Massoumi Alamouti et al. (2009), we accepted that the gene histories were sufficiently similar to combine the data and we present results from both the combined and individual datasets (Figs 1 and 2, Fig S2eS4) . Taxa in the Ophiostomatales formed a highly supported clade with 100, 1, and 99 ML BS, BI PP, and MP BS values, respectively. All three analyses strongly supported placement of Ceratocystiopsis and Fragosphaeria in the Ophiostomatales; however, they could not be placed relative to the other genera because the individual gene phylogenies had different topologies (Fig 1, Fig S2eS4) . The Ophiostoma sensu lato clade was well supported with 88, 1, and 77 ML BS, BI PP, and MP BS values, respectively. Raffaelea fell into two clades, one of which included Raffaelea amasae, Raffaelea sulphurea, Raffaelea quercus-mongolicae, Raffaelea quercivora, Raffaelea montetyi, and Esteya vermicola (97, 1, and 89 ML BS, BI PP, and MP BS values, respectively) within the Leptographium sensu lato clade (87, 1, 67, ML BS, BI PP, and MP BS values, respectively). The second Raffaelea clade contained Raffaelea brunnea, Raffaelea lauricola, Raffaelea scolytodis, Raffaelea arxii, Raffaelea gnathotrichi, Raffaelea fusca, Raffaelea subfusca, Raffaelea ellipticospora, R. ambrosiae (type species for the genus), Raffaelea canadensis, Raffaelea albimanens, Raffaelea subalba, Raffaelea tritirachium, Raffaelea santoroi, and Raffaelea sulcati (93, 1, and 87 ML BS, BI PP, and MP BS values, respectively) and was sister to Leptographium sensu lato. The placement of Fragosphaeria was disregarded due to the incongruence of the different loci and the consequent uncertainty in its placement.
The log likelihood values from the ML unconstrained and the monophyletic Raffaelea constraint analyses were (À15 790.81 and À15 822.69) and for the BI analyses were (À15 943.84 and À15 973.97 from Tracer) and (À15 960.43 and À15 997.19 from MrBayes), respectively. Although the ELW test indicated that the monophyletic constrained hypothesis was significantly worse than the unconstrained hypothesis (polyphyletic Raffaelea) (0.954 PP), the SH test did not find a significant difference between the hypotheses at alpha < 0.05. The BFs were greater than 30 for both methods used, indicating very strong support for the polyphyletic Raffaelea hypothesis (Kass & Raftery 1995) .
The ML analysis of the unidentified isolates provided evidence for six new taxa, and supported previous indications that isolate TR25 represented a distinct taxon (Massoumi Alamouti et al. 2009) (Fig 2) . In the Leptographium sensu lato clade, isolate S28 was close to R. sulphurea, and isolates S31 and S32 were close to R. amasae. In the Raffaelea sensu stricto clade, S21 and S22 were close to PL1004 (see Dreaden et al. 2014 for more information on this isolate) and R. brunnea, PL1001 was near R. canadensis, and PL1635 was near R. scolytodis.
Discussion
The ML analyses of the individual gene datasets along with the ML, BI, and MP analyses of the combined dataset all indicated that Raffaelea, as it is currently defined, is polyphyletic. Esteya vermicola together with Raffaelea amasae, Raffaelea sulphurea, Raffaelea quercus-mongolicae, Raffaelea quercivora, and Raffaelea montetyi formed a strongly supported clade in Leptographium sensu lato (Fig 1, Fig S2eS4) . The remaining Raffaelea spp. resided in a second clade sister to Leptographium sensu lato, also with strong statistical support. Of the three tests used to consider monophyly in Raffaelea, only the SH test indicated that the constrained tree did not differ from the unconstrained tree. This is not surprising as the SH test has been shown to be conservative (Czarna et al. 2006; Shimodaira & Hasegawa 1999; Strimmer & Rambaut 2002) . Taken as a whole, the evidence suggests that Raffaelea needs to be reevaluated and that Leptographium sensu lato should be included in this reevaluation.
This study recognizes Raffaelea brunnea, Raffaelea lauricola, Raffaelea scolytodis, Raffaelea arxii, Raffaelea gnathotrichi, Raffaelea fusca, Raffaelea subfusca, Raffaelea ellipticospora, Raffaelea ambrosiae, Raffaelea canadensis, Raffaelea albimanens, Raffaelea subalba, Raffaelea tritirachium, Raffaelea santoroi, and Raffaelea sulcati as Raffaelea sensu stricto. Raffaelea amasae, R. sulphurea, R. quercus-mongolicae, R. quercivora, and R. montetyi should be removed from Raffaelea, but their correct placement remains unclear at this time. Whether they should be placed in Leptographium sensu lato or accommodated in a reinstated Dryadomyces with Dryadomyces amasae as the type species will require additional research. In particular, a phylogenetic study that includes all, or most, Leptographium sensu lato and Raffaelea taxa is recommended.
Massoumi Alamouti et al. (2009) noted, referencing work by Cassar & Blackwell (1996) and Farrell et al. (2001) , that SSU-based phylogenies indicated that both Ambrosiella and Raffaelea are polyphyletic. This led these authors to suggest that the similar morphologies of the two genera and their intimate associations with ambrosia beetles arose more than once in each genus. The ambrosial habit in beetles is also polyphyletic and has arisen at least seven times (Farrell et al. 2001) . The multiple origins of both ambrosial fungi, including Raffaelea, and the beetles with which they are associated suggests that these relationships should not be used to define Raffaelea.
The ML phylogenies of individual gene datasets and ML, BI, and MP phylogenies of the combined dataset in the present study show that Raffaelea is polyphyletic. This contradicts the MP results of Harrington et al. (2010) based on LSU data but is consistent with those based on the SSU data. These discrepancies could be due to differences in taxon sampling, the loci that were used, and the methodologies used to define these relationships (MP vs. ML). Although the effect of taxon sampling was not studied, the latter factors were shown to be significant, as a MP analysis of LSU data in the present study also placed Raffaelea spp. in a single clade (Fig S5) . Thus, it appears that the previous conclusion (Harrington et al. 2010 ) that Raffaelea is monophyletic was an artifact of the MP analysis and LSU dataset that they used.
The ML analyses suggest that the nine unidentified isolates included in this study contain seven undescribed taxa (Fig 2) . These will be described elsewhere, as additional isolates become available. The results also provide a strong indication that there are many more new species of Raffaelea that remain to be identified. Clearly, care should be taken when new isolates of Raffaelea are identified and diagnostic and detection methods are designed. For example, isolate PL1004 had been identified as Raffaelea lauricola, based on SSU data, but was shown later to be non-pathogenic and is now considered to
Fig 1 e Raffaelea ML phylogeny from the combined, LSU, SSU, and BT dataset. Clade support values are ML bootstrap percentages with BI posterior probabilities >0.9 and MP bootstrap percentages >70 % for selected clades shown as bars above and below the branches, respectively. Type species for select genera are indicated in blue and isolates missing gene sequences have the genes that were used listed in red. Raffaelea isolates are highlighted with red bars and Leptographium sensu lato with a blue bar (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
be a new species (Dreaden et al. 2014) . Additionally, the R. lauricola detection method developed by Jeyaprakash et al. (2014) utilizes a portion of the LSU where PL1004 and R. lauricola have 100 % sequence homology, implying that the method will likely detect PL1004 and R. lauricola equally well and thus resulting in false positives. Likewise, SSU data were used to identify isolate PL1001 as Raffaelea canadensis (Eskalen & McDonald 2011) , which was shown in the present study to differ from that species. A more detailed study that includes additional isolates of the putative new taxa is needed
Fig 2 e Raffaelea ML phylogeny with unidentified isolates, bold, from the combined, LSU, SSU, and BT dataset. Clade support values are ML bootstrap percentages. Notice there is support for seven new taxa 1. S28, 2. S31 and S32, 3. S21 and S22, 4. PL1004, 5. Ophiostomataceae sp. TR25, 6. PL1001, and 7. PL1635. Type species for select genera are labelled in blue and isolates missing gene sequences have the genes that are available listed in red. Raffaelea isolates are highlighted with red bars and Leptographium sensu lato with a blue bar (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
to formally describe them as new species. The BS support for this analysis was lower for many clades when compared to the analysis not including the unknown isolates. This was probably due to the uncertain placement of the isolates from Grenada for which only SSU sequences were available (Figs 1  and 2) .
The ITS region has been widely used for fungal diagnostics, phylogenetics and has been proposed as the universal DNA barcode marker for Fungi (Schoch et al. 2012) . Unfortunately, the locus is notoriously difficult to utilize in Raffaelea (Harrington et al. 2011; Jeyaprakash et al. 2014) . We were able to produce PCR amplicons, after much trial and error, for many Raffaelea spp. but only one high quality ITS sequence could be generated and this sequence along with those from GenBank could not be unambiguously aligned (Fig S1) . Due to these difficulties, the ITS locus was not used to discern the phylogeny of Raffaelea spp. in this study. Jeyaprakash et al. (2014) were able to partially characterize the ITS for a R. lauricola isolate, after considerable modification to their sequencing methodology, and when aligned with the R. lauricola ITS2 sequence generated here has 15 bp differences, GenBank Accessions KJ909303 and KF515711 respectively. It would be interesting to sequence multiple cloned ITS PCR amplicons from multiple R. lauricola isolates to determine the prevalence of intraspecific and intragenomic ITS variants.
